The HIV-1 envelope protein (Env) is heavily glycosylated, with approximately 50% of the Env molecular mass being contributed by N-glycans. HIV-1 Env N-glycans shield the protein backbone and have been shown to play key roles in determining Env structure, surface exposure, and, consequently, antigenicity, infectivity, antibody neutralization, and carbohydrate and receptor binding. Studies of HIV-1 glycosylation have focused mainly on the position of glycosylation, rather than the types of glycans. Also, the role of Env glycan moieties on HIV-1 transmission has not been systematically defined. Using viruses with modified Env glycan content and heterogeneity, we examined the effects of Env glycan moieties on the major events of HIV-1 transmission. Compared to viruses with less oligomannose and more complex Env glycans, viruses with more oligomannose and less complex glycans more efficiently (i) transcytosed across an epithelial cell monolayer, (ii) attached to monocyte-derived macrophages ( A n important feature of the HIV-1 envelope protein (Env) is that gp120 is heavily glycosylated. During synthesis and folding in the endoplasmic reticulum of the host cell, HIV-1 Env precursor gp160 is modified by N-linked glycosylation. After further folding of each monomer and glycan processing in the Golgi apparatus, the gp160 Env precursor is proteolytically cleaved into the surface subunit gp120 and the transmembrane subunit gp41 and then transported to the cell surface for incorporation into the virion as trimers of gp120/gp41 (1-3). The resultant Env gp120 is heavily glycosylated, with approximately 50% of the Env molecular mass being contributed by N-glycans and a small amount being contributed by O-glycans (4-6). N-Glycans include three basic structures, namely, high-mannose (i.e., oligomannose), hybrid, and complex glycans, all of which are present on HIV-1 Env (4-7). Importantly, N-glycans shield the Env backbone and have been shown to play key roles in determining the Env structure, epitope exposure, and, consequently, antigenicity, immunogenicity, antibody neutralization, infectivity, and carbohydrate and receptor binding (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) .
A n important feature of the HIV-1 envelope protein (Env) is that gp120 is heavily glycosylated. During synthesis and folding in the endoplasmic reticulum of the host cell, HIV-1 Env precursor gp160 is modified by N-linked glycosylation. After further folding of each monomer and glycan processing in the Golgi apparatus, the gp160 Env precursor is proteolytically cleaved into the surface subunit gp120 and the transmembrane subunit gp41 and then transported to the cell surface for incorporation into the virion as trimers of gp120/gp41 (1-3). The resultant Env gp120 is heavily glycosylated, with approximately 50% of the Env molecular mass being contributed by N-glycans and a small amount being contributed by O-glycans (4) (5) (6) . N-Glycans include three basic structures, namely, high-mannose (i.e., oligomannose), hybrid, and complex glycans, all of which are present on HIV-1 Env (4-7). Importantly, N-glycans shield the Env backbone and have been shown to play key roles in determining the Env structure, epitope exposure, and, consequently, antigenicity, immunogenicity, antibody neutralization, infectivity, and carbohydrate and receptor binding (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) .
The position of N-linked glycans on glycoproteins is genetically encoded, whereas the types of glycans at a given Asn in the consensus Asn-X-Ser/Thr-X sequence (where X is not Pro) are determined by the glycan branching processes in the cell endoplasmic reticulum and Golgi apparatus (21) . However, some glycoproteins, including HIV-1 gp120, demonstrate protein-specific glycosylation (22) (23) (24) (25) . Consequently, the glycan profile of HIV-1 is divergent from the normal glycosylation of its host cell. Indeed, HIV-1 gp120 displays unusually high levels of oligomannose, the immature (i.e., incompletely processed) form of glycan chains (23, 26, 27) . The N-linked glycans of native Env in primary HIV-1 isolates are predominantly oligomannose and independent of the production system or virus clade. In contrast, recombinant gp120 displays extensive glycan processing by cellular glycosylation enzymes, resulting in glycans composed of Ͼ70% complex glycans (26, 27) . Studies of HIV-1 glycosylation have focused mainly on the Env structure and surface exposure and their effect on antigenicity, immunogenicity, and antibody neutralization (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) through mutation of the position of glycosylation, rather than modification of the type of glycans. Studies of the effect of glycosylation on HIV-1 infectivity and carbohydrate and receptor binding have also utilized deletion of the potential N-linked glycosylation sites (PNGSs) (15) (16) (17) (18) 28) .
The hypervariable loops of transmitted/founder (T/F) virus Env are generally shorter and contain fewer PNGSs than those of the Env characteristic of chronic viruses, potentially exposing key epitopes for receptor access and mucosal transmission. Specific PNGS signatures present in T/F viruses but not chronic viruses may promote the interaction between Env and the HIV-1 receptors CD4 and CCR5 on mononuclear target cells and the binding of Env to the lectin DC-SIGN on dendritic cells (DCs), promoting mucosal entry and infection. In this connection, N-glycans have been shown to impact HIV-1 infectivity and cytopathicity in cell lines (14) (15) (16) (17) 28) . In a recent study, HIV-1 replicated in cells from donors with a congenital disorder of glycosylation type IIb at significantly lower levels than it did in cells from healthy subjects, and the viruses produced were less infectious (29) . However, the role of Env glycan moieties in HIV-1 transmission has not been systematically defined.
HIV-1 transmission in genital and gut mucosae involves three major events: (i) entry through/across the mucosal epithelium, (ii) infection and subsequent replication in subepithelial mononuclear target cells, and (iii) local dissemination and delivery to lymph nodes to initiate systemic infection (30) (31) (32) . Here, we examined the impact of Env glycan moieties on these transmission events. We generated viruses with a different extent and complexity of Env glycans by producing viruses in 293T cells in the presence of different concentrations of the Golgi apparatus ␣-mannosidase inhibitor 1-deoxymannojirimycin (dMM). Using HT-29 model epithelial cells, peripheral blood lymphocytes (PBLs), monocyte-derived macrophages (MDMs), and monocyte-derived dendritic cells (MoDCs), we examined the impact of Env glycan moieties (high-mannose versus complex glycan) on the major events of HIV-1 transmission, including HIV-1 transcytosis across an epithelial cell monolayer, binding to and replication in PBLs and MDMs, and MoDC capture of HIV-1 and subsequent trans-infection of peripheral blood lymphocytes. We also examined the combined effect of Env glycan moieties on HIV-1 infection in human intestinal mucosa.
MATERIALS AND METHODS
Ethics statement. All tissue and cell protocols were approved by the Institutional Review Board of the University of Alabama at Birmingham. Written informed consent was provided by the study participants.
HIV-1 molecular clone and viruses. A replication-competent clone of R5 virus, YU2 (33), was transfected into 293T cells by use of the Fugene 6 reagent (Roche, Indianapolis, IN), according to the manufacturer's protocol and our recent publications (34, 35) , in the presence of 0, 125, 250, and 500 M the Golgi apparatus ␣-mannosidase inhibitor dMM. After 60 h, the supernatants were harvested, clarified by low-speed centrifugation, filtered through a 0.45-m-pore-size filter, aliquoted, and stored at Ϫ80°C. Virus titers were determined by p24 enzyme-linked immunosorbent assay (ELISA; Perkin-Elmer, Boston, MA). YU2 viruses produced in the presence of 0, 125, 250, and 500 M dMM were designated YU2, YU2.dMM125, YU2.dMM250, and YU2.dMM500, respectively.
Western blotting. Western blotting was performed as described previously (36) . Briefly, YU2 viruses were treated with endo-N-glycosidase H (endo H) from Streptomyces plicatus (Prozyme, St. Louis, MO) to remove high-mannose and hybrid N-glycans but not complex N-glycans and then subjected to SDS-PAGE, blotted onto a polyvinylidene difluoride membrane, and detected using anti-gp120 antibody.
Transcytosis assay in model columnar epithelium. Epithelial cell monolayers were established in transwell chambers using HT-29 cells (ATCC, Manassas, VA) as described previously (35) . Monolayers were used only when the transepithelial electrical resistance was 390 m⍀/cm 2 or greater, consistent with nonpermeable, intact tight junctions. Transcytosis was assayed according to our previously described protocol (35) . Briefly, HIV-1 containing 10 ng p24 was inoculated onto the apical surface of HT-29 cell monolayers, 2 h later the medium in the lower chamber was harvested, and virus that had entered the lower chamber was measured by p24 ELISA. Relative transcytosis efficiency was calculated by definition of the transcytosis efficiency of YU2 to be 100%.
Preparation of MDMs, PBLs, and MoDCs. Peripheral blood monocytes and lymphocytes were purified by gradient sedimentation followed by magnetic anti-CD3 bead isolation or antiphycoerythrin (anti-PE) bead isolation of anti-CD14-PE-treated cells according to the manufacturer's manual (Miltenyi Biotec). To generate MDMs, purified monocytes were cultured in RPMI plus 10 ng/ml of macrophage colony-stimulating factor for 3 days (37) and then used for binding and infectivity experiments. To generate immature MoDCs, purified monocytes were cultured in RPMI plus interleukin-4 (IL-4; 200 U/ml) and granulocyte-macrophage colonystimulating factor (800 U/ml) for 5 days. PBLs were cultured in RPMI with IL-2 (20 U/ml) and phytohemagglutinin (PHA; 5 g/ml) for 3 days and then used in binding, infection, and trans-infection assays.
HIV-1 binding to MDMs and PBLs. MDMs or PBLs (3 ϫ 10 5 cells), prepared as described above, were inoculated with virus containing 10 ng p24, incubated for 2 h at 4°C, and analyzed by flow cytometry. Flow cytometry analysis was performed as described previously (34, 38) , using CD13-allophycocyanin, CD3-PE, and KC57-fluorescein isothiocyanate (FITC) to identify MDMs, PBLs, and YU2 viruses, respectively.
HIV-1 infection of TZMbl cells, MDMs, and PBLs. YU2 virus infectivity in TZMbl cells was determined as described previously (39) . Briefly, TZMbl cell monolayers were inoculated with serially diluted viruses, incubated for 2 days, and stained with ␤-galactosidase. The infectious units were measured and normalized to the amount of p24. Virus infectivity in MDMs and PBLs was assessed as we have described previously (37) . Briefly, MDMs or PBLs (2 ϫ 10 5 cells), prepared as described above, were inoculated with viruses containing 10 ng p24 for 2 h at 37°C and then cultured for 16 days. Supernatant (100 l) was harvested every 4 days and stored at Ϫ70°C until assayed for p24 by ELISA (Perkin-Elmer, Boston, MA).
MoDC capture of HIV-1 and trans-infection assay. For MoDC capture of HIV-1, cultures of MoDCs (3 ϫ 10 5 cells), prepared as described above, were inoculated with YU2 viruses containing 10 ng p24, incubated for 2 h at 37°C, and analyzed by flow cytometry for cells that contained HIV-1 using KC57-FITC antibody, as previously described (32, 38) . For trans-infection, MoDC cultures (1 ϫ 10 5 cells) were inoculated with viruses containing 10 ng p24, incubated for 2 h, washed 3 times with medium, cocultured with PHA-stimulated PBLs (4 ϫ 10 5 cells) for 4 days, and analyzed by flow cytometry for HIV-1-positive lymphocytes using KC57 antibody.
HIV-1 infection in human intestinal mucosa. Sections of human intestinal (jejunal) mucosa were obtained from otherwise healthy subjects undergoing gastric bypass for obesity. A leakproof intestinal explant system similar to our previously described vaginal, intestinal, and rectal explant system was constructed (30, 34, 35, 38, 40) . YU2 viruses containing 10 ng p24 were inoculated onto the apical surface of intestinal tissue in 50-l RPMI. After 2 h, the virus-containing medium was aspirated and the explants were treated with trypsin to remove residual virus still present on the epithelial surface. The explant systems were dissembled, and tissue specimens with equal wet weights were placed in medium and cultured for 3 days, after which the levels of p24 in the medium were determined by ELISA.
Statistical analysis. Data are expressed as the mean Ϯ standard deviation (SD) or the mean Ϯ standard error of the mean (SEM), and statistical significance between groups was determined using a nonparametric Mann-Whitney test. P values of Յ0.05 were considered significant.
RESULTS

Generation of HIV-1 YU2 with different Env glycan moieties.
To generate viruses with different glycan moieties, i.e., Env glycans with different extents and complexities, we transfected 293T cells with an infectious clone of YU2 in the presence of the Golgi apparatus ␣-mannosidase inhibitor dMM. dMM inhibits Golgi apparatus ␣-mannosidase I, and treatment of cells with dMM blocks the branch elongation from high-mannose N-glycans to hybrid and complex N-glycans, resulting in immature oligosaccharide structures, specifically, N-linked carbohydrates that lack sialic acid and have a higher content of mannose residues and a reduced content of complex glycans (Fig. 1A) . In the presence of various concentrations of dMM, the extent and complexity of Env glycans varied among the viruses that were produced. YU2 viruses produced in the presence of 0, 125, 250, and 500 M dMM were named YU2, YU2.dMM125, YU2.dMM250, and YU2.dMM500, respectively (Fig. 1B) . To confirm the different content and complexity of Env glycans, viruses were treated with endo-N-glycosidase H (endo H), which removes high-mannose and hybrid Nglycans but not complex N-glycans, and then were subjected to SDS-PAGE and Western blotting using anti-gp120 antibody for detection. Without endo H treatment, the gp120s of all four viruses showed similar gel mobility (Fig. 1B) . After endo H treatment, the gel mobility of YU2, YU2.dMM125, YU2. dMM250, and YU2.dMM500 was gradually increased, indicating that the viruses produced in the presence of increasing concentrations of dMM contained more oligomannose and less complex glycans. Specifically, YU2 Env had the fewest oligomannose glycans and the most complex glycans, YU2. dMM500 had the most oligomannose and the fewest complex glycans, and YU2.dMM125 and YU2.dMM250 Env contained levels of oligomannose and complex glycans between those of YU2 and YU2.dMM500. We used these viruses in the following studies.
HIV-1 with more oligomannose and less complex Env glycans is less infectious. We first examined the effect of altering the glycan content of Env on HIV-1 infectivity in TZMbl cells. TZMbl cell monolayers were inoculated with serially diluted viruses, incubated for 2 days, and stained with ␤-galactosidase, and the infectious units were measured and normalized to the level of p24. YU2 was the most infectious virus, producing 8,125 infectious units/ng p24. Viruses produced in the presence of increasing concentrations of dMM (125, 250, and 500 M) displayed a dosedependent reduction in TZMbl cell infectivity, yielding 5,980, 4,910, and 4,740 infectious units/ng p24 for YU2.dMM125, YU2.dMM250, and YU2.dMM500, respectively ( Fig. 2A and B) . Thus, YU2 viruses with more oligomannose and less complex Env glycans are less infectious in TZMbl cells.
HIV-1 with more oligomannose and less complex Env glycans transcytoses across HT-29 epithelial cell monolayers more efficiently. A key event in HIV-1 mucosal transmission is the translocation of virus across the epithelium. Depending on the site of inoculation, the distinct structural features of mucosal epithelium permit the translocation of HIV-1 by different pathways, including transcytosis through the columnar epithelium in the intestinal, colonic, rectal, and endocervical mucosa and basal columnar cells in the vaginal epithelium (31, 35, 41, 42) . To examine the effect of HIV-1 Env glycan moieties on transcytosis, equal amounts of viruses were inoculated onto tight HT-29 cell monolayers, and virus that transcytosed into the basolateral chamber was quantified 2 h later by p24 ELISA. The transcytosis efficiency of YU2.dMM125, YU2.dMM250, and YU2.dMM500 increased 2.4-, 2.7-, and 3.3-fold, respectively, compared with the transcytosis efficiency of YU2 (Fig. 3A) . The increased transcytosis of YU2.dMM250 across the HT-29 cell monolayer was significantly diminished by D-mannose (0.25 M; P ϭ 0.002) and IgG antibody against macrophage mannose receptor (anti-MMR; 10 g/ml; P ϭ 0.002) but only slightly by D-glucose (0.25 M; P ϭ 0.30) and IgG isotype control antibody (10 g/ml; P ϭ 0.18) (Fig. 3B ), indicating that the increased efficiency of transcytosis across the epithelial monolayers was mediated, at least in part, by mannose. HIV-1 with more oligomannose and less complex Env glycans binds to MDMs more efficiently but displays lower MDM infectivity. We next examined the effect of HIV-1 Env glycan moieties on HIV-1 binding to and infection of MDMs. Cultures of MDMs were inoculated with viruses produced in various concentrations of dMM and incubated for 2 h at 4°C, after which the MDMs were analyzed for HIV-1 using anti-KC57-FITC by flow cytometry. The proportion of MDMs containing bound HIV-1 were 1.25%, 1.63%, 2.84%, and 2.61% for YU2, YU2.dMM125, YU2.dMM250, and YU2.dMM500, respectively (Fig. 4A) . The increased binding of YU2.dMM250 to MDMs was competitively blocked by D-mannose (0.25 M; P ϭ 0.01), but not by D-glucose (0.25 M; P ϭ 0.31) (Fig. 4B) . Thus, HIV-1 with more oligomannose and less complex Env glycans binds to MDMs more efficiently, and the enhanced binding is mediated, at least partially, by mannose.
To assess the effect of variable Env glycans on HIV-1 infection of macrophages, cultures of MDMs were inoculated with viruses produced in increasing concentrations of dMM, and the levels of virus released into the culture supernatant were determined by p24 ELISA at 4-day intervals for 16 days (Fig. 4C) . Surprisingly, YU2 displayed the highest level of infection at all time points, whereas YU2.dMM125, YU2.dMM250, and YU2.dMM500 produced progressively reduced levels of viral replication, as shown by the infection kinetics for each virus (Fig. 4C ) and the summary of relative replication levels for each virus in MDMs at 12 days postinoculation (n ϭ 3) (Fig. 4D) . Thus, HIV-1 with more oligomannose and less complex Env glycans displayed reduced infectivity in MDMs.
HIV-1 with more oligomannose and less complex Env glycans displays impaired infectivity in lymphocytes.
In contrast to macrophages, lymphocytes do not express a mannose receptor; therefore, we anticipated that the Env glycan content would not affect HIV-1 binding to lymphocytes. Cultures of PHA-stimulated PBLs were inoculated with viruses produced in various concentrations of dMM, incubated for 2 h at 4°C, and analyzed for HIV-1-containing lymphocytes using KC57-FITC antibody by flow cytometry. Indeed, a high mannose content had no effect on the binding of HIV-1 to lymphocytes (data not shown). We also examined the effect of variable Env glycan contents on the infection of lymphocytes. PBLs were inoculated with viruses, and viral replication was assayed by p24 ELISA at 4-day intervals for 16 days (Fig. 5A) . YU2 displayed the highest levels of infection at all time points, and YU2.dMM125, YU2.dMM250, and YU2.dMM500 produced progressively reduced levels of infection, as shown by a representative replication kinetics for each virus (Fig. 5A ) and the relative replication levels in PBLs at 12 days postinoculation (n ϭ 3) (Fig. 5B) . Thus, increased amounts of oligomannose and reduced amounts of complex glycans on HIV-1 Env limit viral replication in both myeloid and lymphoid target cells in a dose-dependent manner.
HIV-1 with more oligomannose and less complex Env glycans is captured by MoDCs more efficiently and displays enhanced trans-infection of PBLs. To examine the effect of Env glycan moieties on HIV-1 capture by DCs, MoDC cultures were inoculated with viruses, incubated for 2 h at 37°C, and analyzed by flow cytometry for HIV-1 containing MoDCs using KC57-FITC antibody. The proportions of MoDCs that contained HIV-1 were 1.25%, 1.71%, 2.13%, and 3.24% for YU2, YU2.dMM125, YU2.dMM250, and YU2.dMM500, respectively (Fig. 6A) . Again, the increased YU2.dMM250 binding to MoDCs was competitively blocked by D-mannose (0.25 M) (data not shown). These findings indicate that HIV-1 with more oligomannose and less complex Env glycans is captured by DCs more efficiently, and the enhanced capture is mediated by mannose.
To determine the effect of Env glycans on HIV-1 trans-infection of lymphocytes via DCs, cultures of MoDCs were inoculated with viruses, incubated for 2 h, washed 3 times with medium, cocultured with PHA-stimulated PBLs for 4 days, and then analyzed by flow cytometry for lymphocytes containing HIV-1 ( Fig. 6B  and C) . As shown in representative experiments (n ϭ 5, in which both MoDCs and PBLs were derived and isolated from different donors) (Fig. 6B) , the percentages of lymphocytes infected with HIV-1 increased progressively for viruses generated in the presence of increasing concentrations of dMM. The mean proportions of lymphocytes infected by HIV-1 were 0.66%, 0.76%, 0.96%, and 0.99% for YU2, YU2.dMM125, YU2.dMM250, and YU2.dMM500, respectively (Fig. 6C) , indicating that HIV-1 with more oligomannose and less complex Env glycans trans-infects lymphocytes via DCs more efficiently.
HIV-1 with more oligomannose and less complex Env glycans infects human intestinal tissue less efficiently. Having shown that Env glycan moieties impact each major event in HIV-1 transmission in vitro, we next examined the effect of Env glycans on HIV-1 infection of human intestinal mucosa ex vivo to more closely mimic HIV-1 mucosal transmission. Viruses were inoculated onto the apical surface of explanted normal human intestinal mucosa for 2 h. After washing and trypsin treatment to remove viruses on the mucosal surface that had not entered the mucosa, tissue specimens with equal wet weights were cultured for 3 days and viral replication was assayed by p24 ELISA. In a representative experiment (n ϭ 4) using tissue from different donors, p24 values at day 3 were 191, 91, 79, and 26 pg/ml for YU2, YU2.dMM125, YU2.dMM250, and YU2.dMM500, respectively (Fig. 7A) . The p24 values at day 0 were similar for all viruses except YU2. dMM500, indicating that the wash and trypsin treatment had removed most the viruses on the tissue surface (Fig. 7A) . Interestingly, the mean p24 values for YU2.dMM125, YU2.dMM250, and YU2.dMM500 were similar, being approximately 50% of that for YU2 (Fig. 7B) . These results indicate that viruses with more oligomannose and less complex Env glycans are less infectious in human intestinal mucosa.
DISCUSSION
Our study focused on the role of the types of Env glycans, rather than the detailed glycan structure, on the major events of HIV-1 transmission. To produce viruses with progressively more oligomannose and less complex glycans on the Env glycan chains, HIV-1 YU2 was generated in the presence of increasing concentrations of the Golgi apparatus ␣-mannosidase inhibitor dMM, and the resultant viruses were progressively less infectious in TZMbl cells. These findings are consistent with the results of Montefiori et al. (14) , who used an array of N-glycan processing inhibitors to generate HIV-1 isolates with attenuated infectivity in multiple T-cell lines. Similarly, Binley et al. (13) reported that HIV-1 pseudoviruses produced in 293S GnTI Ϫ/Ϫ cells, which lack the GlcNAc transferase I enzyme, the enzyme that initiates the conversion of oligonucleotide-mannose N-glycans into complex N-glycans, were markedly less infectious in CF2.Th.CD4.CCR5 cells. However, others have reported that the infectivity of HIV-1 produced in 293T cells in the presence of the glycan-processing inhibitor kifunensine or in 293S GnTI Ϫ/Ϫ cells in TZMbl cells was not affected (13, 43, 44) .
We investigated the role of Env glycan moieties on HIV-1 entry events, beginning with the impact on transcytosis across epithelial cells. We used HT-29 model epithelial cells under a neutral pH condition. Other factors, such as acidic pH, primary human mucosal epithelium, and different virus isolates, will be taken into consideration in future studies. Viruses with more oligomannose and less complex glycans transcytosed across an epithelial cell monolayer more efficiently, and the enhanced transcytosis was mediated by mannose through engagement of the MMR, reflected in the ability of free D-mannose and anti-MMR antibody to block HIV-1 transcytosis. In this connection, N-glycan moieties on the rat neonatal Fc receptor (FcRn) have been shown to determine the directional transport of IgG mediated by FcRn, with transcytosis occurring mainly in an apical-to-basolateral direction (45) , but our study shows the N-glycans impact on transcytosis of apically applied cargo, specifically, HIV-1, through model epithelium.
We also determined the effect of Env glycans on target cell binding and infectivity. Viruses with more oligomannose and less complex Env glycans bound MDMs more efficiently in a mannose-dependent manner. Despite enhanced binding, however, HIV-1 with more oligomannose and less complex Env glycans exhibited reduced infectivity in MDMs. Oligomannose glycans and complex glycans on the HIV-1 Env generally form two distinct regions: the former is present in the densely glycosylated gp120 outer domain, and the latter is present on the more exposed CD4 receptor-binding sites and the hypervariable loops (5, 23) . Thus, our findings suggest that complex glycan regions are necessary for optimal infectivity in MDMs. In this regard, the mannose receptor on monocytes and macrophages binds to carbohydrates on a wide array of pathogens and mediates phagocytosis, endocytosis, and antigen presentation (46) (47) (48) . The macrophage mannose receptor is involved in HIV-1 binding and entry (49, 50) , likely through interaction with Env oligomannose glycan clusters, which are usually present distal to the CD4 binding site (5, 23) . Approximately 60% of the initial association between HIV-1 and MDMs is mediated by the mannose receptor (49); however, mannose receptor-mediated binding does not lead to productive infection in MDMs, alveolar macrophages, or microglia (50) . Thus, in the presence of more oligomannose and less complex Env glycans, HIV-1 binds to MDMs more efficiently but has lower infectivity.
In contrast to macrophages and DCs, lymphocytes do not express C-type lectin receptors and Env glycan moieties had no effect on HIV-1 binding to PBLs (data not shown). However, HIV-1 with more oligomannose and less complex Env glycans displayed reduced infectivity in PBLs. In agreement with this finding, the infectivity of HIV-1 produced in CD4 ϩ T cells from subjects with a congenital disorder of glycosylation type IIb was reduced 50 to 80% compared with the infectivity of virus produced in cells from healthy subjects (29) . This disorder is due to a defect in the gene encoding mannosyl-oligosaccharide glucosidase, the first enzyme in the pathway that processes the N-linked oligosaccharide precursor to its mature structure (51, 52) . Together, our findings suggest that complex glycans and mature oligosaccharide structures on HIV-1 Env are crucial for optimal HIV-1 infection of CD4 ϩ T cells. Dendritic cells play a critical role in HIV-1 transmission (30, 32, 38, 40, 42, (53) (54) (55) (56) . In support of this function, we report that HIV-1 with more oligomannose and less complex Env glycans is more efficiently captured by MoDCs and displays enhanced transinfection of T cells. Oligomannose glycan clusters are recognized by DC C-type lectin receptors, including DC-specific ICAM-3-grabbing nonintegrin (DC-SIGN), mannose receptor, and DC immunoreceptor (DCIR), and enhance HIV-1 attachment to DCs and trans-infection of CD4 ϩ T cells (57) (58) (59) (60) (61) (62) . N-Linked glycans also form the binding sites for the receptor langerin on Langerhans cells (63, 64) . Notably, viruses that contain only oligomannose Env N-glycans also display more efficient capture by MoDCs and DC-SIGN-positive (DC-SIGN ϩ ) Raji cells (44) . Thus, the enhanced trans-infection is likely due to the more efficient binding of HIV-1 with more oligomannose and less complex Env glycans to MoDCs. However, MoDC-and DC-SIGN ϩ Raji cell-captured viruses that contained only oligomannose Env N-glycans were substantially less able to trans-infect TZMbl cells (44) , suggesting the possibility that the altered glycan phenotype that promoted virus binding to DC-SIGN restricted transmission of the virus to target cells (44) , possibly due to stronger binding to DC-SIGN. The difference between this finding and the finding reported here could be due to the different target cells used, the presence of only oligomannose N-glycans on Env versus the mixture of oligomannose and complex Env glycans, and/or the different viral strains used.
To more closely mimic HIV-1 mucosal transmission, we examined the impact of Env glycan moieties on HIV-1 infection in human intestinal mucosa ex vivo. Use of this model allowed us to assess the composite effects of glycan diversity on HIV-1 infection at the site of virus inoculation. HIV-1 with progressively more oligomannose and less complex Env glycans displayed a progressive reduction in mucosal tissue infection, consistent with the reduced infectivity in macrophages and lymphocytes by viruses whose Env contains more oligomannose and less complex glycans. These findings indicate that, in addition to affecting the exposure of antigenic sites on Env and, consequently, immunogenicity, host-generated carbohydrates, specifically, N-linked oligosaccharide processing into mature oligosaccharide structures on Env, impact HIV-1 infection. However, viruses whose Env contained more oligomannose and less complex glycans displayed enhanced epithelial transcytosis and macrophage and DC binding, indicating the importance of infectivity in assessing the biological impact of Env carbohydrate diversity. Here we utilized in vitro model systems to dissect the effect of the type of glycan on HIV-1 transmission/infectivity. HIV-1 transmission/infectivity in vivo is highly complex; consequently, studies that utilize primary ex vivo human mucosal tissues and nonhuman primate models will further elucidate the impact of glycosylation on HIV-1 transmission/infectivity. Also, the underlying mechanisms of the discordant effects of N-linked Env glycans on the major steps in HIV-1 transmission warrant further investigation. Although our study will not lead immediately to new vaccine strategies, our findings underscore the role of Env glycans in HIV-1 infection and transmission and suggest that increasing the oligomannose content in the Env antigen in a prophylactic vaccine and using oligomannose as an adjuvant in a therapeutic vaccine might improve vaccine efficacy. Thus, modulation of Env glycan moieties should be taken into consideration in devising therapeutic or prophylactic vaccine strategies to protect against HIV-1 infection. The funders had no role in the study design, data collection and analysis, decision to publish, or preparation of the manuscript.
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